The Bcl-2 19 kDa interacting protein (BNIP3) is a pro-cell-death BH3-only member of the Bcl-2 family. We previously found that BNIP3 is localized to the nucleus in the majority of glioblastoma multiforme (GBM) tumors and fails to induce cell death. Herein, we have discovered that nuclear BNIP3 binds to the promoter of the apoptosis-inducing factor (AIF) gene and represses its expression. BNIP3 associates with PTB-associating splicing factor (PSF) and HDAC1 (histone deacetylase 1) contributing to transcriptional repression of the AIF gene. This BNIP3-mediated reduction in AIF expression leads to decreased temozolomide-induced apoptosis in glioma cells. Furthermore, nuclear BNIP3 expression in GBMs correlates with decreased AIF expression. Together, we have discovered a novel transcriptional repression function for BNIP3 causing reduced AIF expression and increased resistance to apoptosis. Thus, nuclear BNIP3 may confer a survival advantage to glioma cells and explain, in part, why BNIP3 is expressed at high levels in solid tumors, especially GBM.
Introduction
Glioblastoma multiforme (GBM) is the most malignant form of brain cancer (Gurney and Kadan-Lottick, 2001 ). The median duration of survival for patients with GBM is Ͻ15 months even with aggressive treatment that usually consists of a combination of surgery, radiation, and chemotherapy such as temozolomide (Chamberlain, 2006) . Primary GBM arise de novo, and are distinguished from secondary GBM that develop from lower-grade gliomas over time. A pathological characteristic of GBM is extensive regions of necrosis, which indicate areas of hypoxia (defined by Ͻ1% oxygen) (Gurney and Kadan-Lottick, 2001; Louis et al., 2007) .
The Bcl-2 19 kDa interacting protein 3 (BNIP3) is a pro-celldeath Bcl-2 family member that is upregulated during hypoxia . When BNIP3 is upregulated it induces caspase-independent cell death by inducing mitochondrial dysfunction Kim et al., 2002) . BNIP3 is directly upregulated under hypoxic conditions by the transcription factor HIF-1 contributing to hypoxia-induced cell death (Bruick, 2000; Kothari et al., 2003; Bacon and Harris, 2004) . Paradoxically, BNIP3 is expressed at high levels in viable cells within hypoxic regions of tumors (Sowter et al., 2001) . This is partially caused by nuclear localization of BNIP3 in tumors where BNIP3 fails to associate with the mitochondria and promote cell death (Burton et al., 2006) . However, the function of BNIP3 in the nucleus is unclear.
Apoptosis-inducing factor (AIF) is a mitochondrial flavoprotein that plays an important role in mitochondrial function (Modjtahedi et al., 2006) . When cells are exposed to stress, AIF is released from the mitochondria, translocates to the nucleus and mediates caspase independent cell death (Susin et al., 1999) . Increasing total AIF expression in cells leads to increased sensitivity to cell death whereas knockdown of AIF levels leads to protection from apoptosis in many different cell types (Joza et al., 2001; Porter and Urbano, 2006) . During apoptotic signaling, AIF is cleaved removing its transmembrane domain (Porter and Urbano, 2006) . Cleaved AIF leaves the mitochondria when permeabilization of the mitochondrial membrane occurs, and it then translocates to the nucleus. Chemotherapeutic agents such as etoposide and cisplatin induce nuclear AIF translocation in many cancer cell lines where it induces chromatin condensation and large-scale DNA cleavage (50 Kb fragments) (Susin et al., 2000; Huerta et al., 2007) .
Herein, we describe a novel transcriptional repression activity for the Bcl-2 family member BNIP3. We have discovered that nuclear localized BNIP3 binds to the AIF promoter and represses its expression. In GBM tumors, we observe that nuclear BNIP3 expression correlates with lower levels of AIF expression. BNIP3-mediated repression of AIF expression prevents temozolomideinduced apoptosis. These discoveries may explain why cells that express high levels of BNIP3 remain viable within tumors and how BNIP3 functions within the nucleus to confer a survival advantage to cancer cells.
Materials and Methods

Cell culture and transfections
Human glioma cell lines U251 and U87 were cultured as reported previously (Burton et al., 2006) . In transfection experiments, the HEK293 cell line was transfected with Lipofectamine (Invitrogen), and the U87 and U251 cell lines were transfected using Geneporter (GTS) as per the manufacturer's instructions. Stable cell lines were derived in U251 and U87 cells by transfecting with pSUPER shRNA BNIP3 or nontargeting shRNA control and pCDNA3 containing NLS tagged BNIP3 or vector alone control, and selecting with 1.5 mg/ml G418 (Invitrogen BRL).
Plasmids
A partial AIF promoter sequence was inserted into the pGL3 promoter vector and pGL3 control vector as well as a scrambled control using NheI and XhoI restriction enzymes. The AIF promoter region is as follows: [foward (Fwd)] 5Ј-CTAGCCTCTCCCGCGGCGGGCCTTCCCCATT-GGCCAGCCAAACACAACCGACTGCGGCAGCCAC-3Ј; and scrambled control: (Fwd) 5Ј-CTAGCGCCTCGCGCTACGGCCTGCCTA-GATGCCTCGGCCAGGTGGTGAACGCCAGCCCACGATC-3Ј.
Western blotting
Cell lines (U251, U87, HEK293) and frozen primary GBM tissue samples obtained from the Brain Tumor Tissue Bank (BTTB; London, ON, Canada) were lysed for total proteins, membrane proteins, or nuclear proteins as previously published (Burton et al., 2006) . The lysates (60 g) were separated by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were incubated with monoclonal antibodies against BNIP3 (1:1000, preferentially recognizes the 30 kDa protein), HDAC1 (1:1000, Upstate Biotech), AIF (1:1000, Cell Signaling), Caspase 8 (1:1000 Cell Signaling), His tag (1:200, Santa Cruz), or ␤actin (1:50, Sigma). The Western blots were visualized with chemiluminescence (NEN-DuPont).
Real-time RT-PCR
RNA was isolated from U251, U251shRNABNIP3, and U251NLS-BNIP3 cells with RNA-Bee (TEL-TEST) as per the manufacturer's instructions. Real-time PCR was performed with an iCycler using the Biorad iScript SYBR green kit to measure AIF and BNIP3 mRNA levels in U251, U251shRNABNIP3, and U251NLS-BNIP3 stable cells. Intensities of the samples were normalized to a control gene (cyclophilin) mRNA expression run in the same PCR.
Cell death assays
Acridine orange staining. Cells were trypsinized, removed from the culture plates, and centrifuged in 15 ml sterile tubes. The cells were stained and cell death determined as described by Kothari et al. (2003) .
Measurement of sub-G1 peaks with flow cytometry. HEK293 cells were transfected with siRNA for AIF (Santa Cruz) or a nontargeting control siRNA with RNAIFect (Qiagen) and treated with 1.5 mM TMZ (Schering) for 24 h. Cells were then fixed with 70% ethanol overnight, washed 2ϫ with 1ϫPBS and resuspended in 400 l of propidium iodide stain (50 g/ml) containing 1 l of RNase (20 g/ml stock). After a15 min incubation, cells were analyzed for DNA content on a FACS machine (FACSCaliber, BD Biosciences) using the FL2 filter and CellQuest Pro software (BD Biosciences).
Caspase 3 assay
Caspase 3 assays were performed as per the manufacturer's protocol using U251, U251shRNABNIP3, U251NLS-BNIP3 cells grown in sixwell dishes treated with 2 mM temozolomide (TMZ) for 48 h or DMSO for control (Sigma-Aldrich). After treatment, cells were lysed with 100 l of NP40 lysis buffer/well and pelleted as described above. Cell lysate (5 l) was added to a microfuge tube containing 200 l of 1ϫ assay buffer containing caspase 3 substrate (acetyl-DEVD-AMC; acetyl-Asp-GluVal-Asp-7-amino-4-methylcoumerin). Tubes were incubated in the dark for 2 h. Fluorescence was read using a fluorimeter (Molecular Devices) set at an excitation of 360 nm and an emission of 460 nm. The cleavage of DEVD in treated cells was compared with a negative control of reaction buffer only and to untreated cells.
Tumor immunostaining
Formalin-fixed paraffin-embedded (FFPE) primary GBM tumor section slides (BTTB) were processed for immunostaining as described (Burton et al., 2006) . Slides were incubated with polyclonal anti-BNIP3 1:700 dilution or anti-AIF 1:1000 dilution (Cell Signaling). Fluorescence was visualized and captured with an Olympus BX51 epifluorescence microscope using a Photometrics Cool Snap CF camera.
Luciferase assays
U251, U251shRNABNIP3, U251NLS-BNIP3, U87, U87shRNABNIP3, and U87NLS-BNIP3 stable cells were transiently transfected with the pGL3 promoter luciferase reporter vector and the pGL3 promoter vector with the AIF promoter region that contained the candidate BNIP3 binding site identified by chromatin immunoprecipitation assay (ChIP). All cells were cotransfected with a ␤-galactosidase vector measured at 414 nm for control of transfection efficiency. Cells were lysed with cell culture lysis reagent (Promega) for 15 min at room temperature. Luciferase activity was measured by a Softmax Pro luminometer (Molecular Devices) for 10 s of relative light units. Results were normalized relative to ␤-gal activity. t tests were performed to determine significance (Shetty et al., 2005) .
Electrophoretic mobility shift assay
Oligonucleotide probes (Invitrogen) were designed for the region of the AIF promoter to which BNIP3 was identified to bind by ChIP. Labeled double stranded probes were generated by annealing the complementary DNA for the wt and mutated sequence and 3Ј-end labeling with DIG-11-dUTP (Roche). The double-stranded DNA probe contained the potential BNIP3 consensus sequence, sense: 5Ј-CCCATTGGCCAGCCAAAC-3Ј and antisense: 5Ј-GGAGGACAAAGAGCTGCAC-3Ј); mutated sense: 5Ј-CC-CATCGGCCATTCGAAC-3Ј and antisense: 5Ј-GTTCGAATGGCC-GATGGG-3Ј. Binding reactions were performed as per the DIG gel shift kit protocol (Roche). The BNIP3 antibody and unlabeled "cold" probes were mixed with extracts before probe addition where indicated. The reaction mixtures were then loaded onto a 5% nondenaturing polyacrylamide gel, run at 180 V for 2 h and transferred onto a positively charged nylon membrane with the Biorad semidry transfer apparatus. Chemiluminescent detection reaction was performed as per the Roche kit protocol.
ChIP
ChIP assays were performed as outlined by Spencer et al. (2003) with the U251, U251shRNABNIP3, and U251NLS-BNIP3 cells using the BNIP3, HDAC1, or acetylated histone H3 primary antibodies to immunoprecipitate protein:DNA complexes. DNA was precipitated and resuspended in 20 l of double-distilled H 2 O. PCR used primers specific to the AIF promoter region (5Ј-CCCATTGGCCAGCCAAAC-3Ј and 5Ј-GGAGGACAAAGAGCTGCAC-3Ј). As a negative control, primers specific for DR4 intron 1 were used (Shetty et al., 2005) . For each time point, 1% of the chromatin was assayed for equal loading (input). Input was conducted for each condition tested.
Pulse-field gel electrophoresis
U251, U251shRNABNIP3, and U251NLS-BNIP3 stable cells were treated with 2 mM TMZ for 48 h or DMSO for control, and 1 ng/ml TRAIL (Axxora) for 24 h. Genomic DNA was extracted using QIAamp DNA mini kit (Qiagen) and run on a 1% megabase agarose (Biorad) gel using the Bio-Rad CHEF-DR II pulse-field gel apparatus. The chamber was filled with 0.5% TBE buffer that was maintained at temperatures Ͻ14°C. The run parameters were set at 250 V with 10 s pulse for 30 h. When the run was complete the gels were stained in a 0.5 g/ml ethidium bromide solution for 30 min. and destained in ddH 2 O for 3 h. DNA was visualized by placing the gel on a UV transilluminator (254 -360 nm). Results were quantified by densitometry.
Results
Identification of a BNIP3 binding site in the promoter region of PDCD8
We have previously identified that BNIP3 is expressed under normoxic conditions in primary human astrocytes and glioma cell lines, but it is primarily localized to the nucleus (Burton et al., 2006) . Crosslinking cellular proteins to DNA using formaldehyde or cisplatin in U251 glioma cell lines revealed that BNIP3 is bound to DNA with either agent (data not shown). Similar results were observed in U87 glioma cells (data not shown). To identify the specific DNA sequences bound to BNIP3 in glioma cells, a ChIP assay was performed using a polyclonal BNIP3 antibody to immunoprecipitate BNIP3:DNA complexes in U251 cells. After generation of a ChIP DNA library, the library was sequenced and run through BLAST (NCBI) to generate a list of potential BNIP3 binding sites or response elements in promoter regions, introns and exons of specific genes (supplemental Table 1 , available at www.jneurosci.org as supplemental material). A potential BNIP3 binding site was identified in the promoter of multiple genes listed in Table  1 . One of these genes that we focused on in this study is the AIF gene (PDCD8). This potential binding site is 5 kb upstream of the ATG start site ( Fig. 1 A) . To confirm the putative binding site in vivo, the isolated DNA from the ChIP was PCRamplified with oligonucleotide primers specific for the region of the AIF promoter that was identified from the ChIP DNA library ( Fig. 1 B) . The specificity of the ChIP assay was confirmed by using U251 cells stably expressing high BNIP3 levels in the nucleus through insertion of a nuclear localization signal (NLS) in the cDNA of BNIP3 within a mammalian expression vector (U251NLS-BNIP3). Using these stably transfected cells, there was increased BNIP3 binding to the AIF promoter, whereas no binding was observed in the negative control. In addition, DNA from the ChIP assay was subjected to PCR with primers specific for a gene not identified by the ChIP library (DR4 intron 1); this failed to reveal any binding of BNIP3 (data not shown). To confirm that BNIP3 binds to the AIF promoter in vitro, an electrophoretic mobility shift assay (EMSA) was performed using an 18 bp double stranded DNA probe for the AIF promoter sequence that was identified to bind BNIP3 by the ChIP assay. When this oligonucleotide probe was incubated with recombinant BNIP3 proteins, a specific band shift was observed with the wild-type (wt) BNIP3 protein ( AIF gene (PDCD8). Numbers above the sequence correspond to sequence numbers from NCBI gi14787430. Numbers below the sequence correspond to the position from the AIF transcription start site. This binding site was identified using a modified ChIP library protocol. B, U251 parental cells and U251 cells stably expressing NLS-BNIP3 were subjected to a ChIP assay with antibodies directed against BNIP3. Sample without added antibody was used as a negative control, whereas genomic DNA was used as the input control. Precipitated DNA wasanalyzedbyPCRusingprimersspecificforanupstreamregionoftheAIFgene,includingtheregionofthecandidateBNIP3bindingsite. Allexperimentswererepeatedthreetimes.C,RecombinantwtBNIP3andN-terminal(N-term)BNIP3wereincubatedwithadsDNAprobe specific for the identified BNIP3 binding site in the AIF promoter. Controls used: a scrambled probe (lane 4) and unlabeled probe ("cold competition") (lanes 3 and 6). Arrows indicate the BNIP3-DNA complexes and the free probe.D, Recombinant wt BNIP3, Delta-CC mutant BNIP3, and PEST BNIP3 were each incubated with a dsDNA probe specific for the BNIP3 binding site in the AIF promoter. A monoclonal BNIP3 antibody was used to supershift the DNA-protein complexes, and HA antibody was used as a control antibody. Arrows indicate the BNIP3-DNA complexes, the antibody-BNIP3-DNA complexes, and the free probe. Fig. 3B , available at www.jneurosci.org as supplemental material) further demonstrating that this protein-DNA complex contains BNIP3. In addition, a specific band could be detected from U251 nuclear lysates incubated with the wt probe (supplemental Fig. 3A , lane 2, available at www.jneurosci.org as supplemental material), that could be competed out using 20-fold excess cold competitor probe (supplemental Fig. 3A , lane 3, available at www.jneurosci.org as supplemental material).
Bioinformatic analysis using the Coils program (ch.EMBnet. org) was used to identify a domain in the BNIP3 protein that may bind to DNA since there are no "classical" DNA binding domains within the BNIP3 protein. A potential coiled-coil region was predicted from amino acids 100 -120 that contains multiple positive charged amino acids. We deleted five amino acids from this region (amino acids IERRK) in the wt BNIP3 protein (BNIP3 CC mutant protein) and found that that this mutant had significantly less affinity for the oligonucleotide probe of the AIF promoter ( Fig. 1 D, lane 5, available at www.jneurosci.org as supplemental material). These data support that BNIP3 specifically binds to the promoter region of AIF gene in situ, as well as in vitro.
BNIP3 is bound to the AIF promoter and represses its expression in vitro
To determine whether the BNIP3 binding site in the AIF promoter is important for the regulation of AIF gene transcription, a 60 bp fragment of the AIF promoter containing the putative BNIP3 binding site was cloned into a luciferase reporter gene construct driven by a minimal CMV promoter (vectorϩAIF promoter) to test whether this region can modulate expression of a reporter gene in vitro. When this vectorϩAIF promoter was transfected into U251 cells, luciferase expression was significantly decreased compared with vector alone and to scrambled controls (Fig. 2 A) . To determine whether nuclear BNIP3 is important in repression of AIF gene transcription, we transfected isogenic U251 cell lines stably expressing NLS-BNIP3 (higher levels of BNIP3 in the nucleus compared with parental), and short hairpin (sh) RNA against BNIP3 in a mammalian expression vector (lowers levels of BNIP3 in the nucleus compared with parental) with the luciferase constructs described above. We observed that the expression of luciferase with the vector ϩAIF promoter remained repressed in cells containing higher nuclear BNIP3 expression (U251NLS-BNIP3). In contrast, shRNA-mediated knockdown of BNIP3 expression (U251shRNABNIP3) resulted in a significant increase in luciferase expression compared with controls ( Fig. 2 A) . Similar results were found using the glioma cell line U87 (data not shown). As a positive control, a luciferase reporter construct with a powerful SV40 enhancer (vectorϩSV40 enhancer) was transfected into U251 cells (Fig. 2 B) . This increased luciferase activity compared with vector alone. When the vector ϩ SV40 enhancer and AIF promoter were cotransfected into U251 cells, there was an increase in luciferase activity, indicating that the enhancer abrogates the repressive effect of BNIP3 on expression of the AIF promoter region (Fig. 2 B) . These data Fig. 1 A) was cloned into pGL3-p, a luciferase reporter vector containing a minimal SV40 promoter (pGL3-pAIF). U251 parental, U251NLS-BNIP3, and U251shRNABNIP3 stable cells were transiently transfected with pGL3-p (vector alone), pGL3-pAIF (vectorϩAIF promoter), and pGL3-pscrambled (vectorϩscrambled promoter). Luciferase activity was measured by a Softmax Pro luminometer. Results were normalized relative to ␤-gal activity. Error bars represent the SE determined from a minimum of three independent experiments. t tests were performed to determine significance; *p Ͻ 0.001, representing statistical significance between pGL3-p vector (control)-transfected cells and the pGL3-p vector containing the AIF promoter. B, The pGL3 vector containing the SV40 promoter and enhancer and the pGL3 vector containing the SV40 promoter and enhancer and the specific AIF promoter region were transfected into U251 cells as a positive control. Nuclear BNIP3 represses the expression of AIF mRNA and protein We found that BNIP3 specifically binds to the AIF promoter and is involved in repressing its expression in vitro. We then sought to determine whether AIF mRNA and protein expression is regulated by nuclear BNIP3 in U251 and U87 cell lines. We measured AIF protein and mRNA levels in the U251 and U87 stably transfected cell lines expressing different levels of BNIP3 (NLS-BNIP3 and shRNA BNIP3). We found that the NLS-BNIP3 stable cell lines had significantly less AIF mRNA (Tables 2, 3 ) and protein ( Fig. 3A) expression than parental controls. Concurrently, shRNA BNIP3 stable cells had significantly increased AIF mRNA (Tables 2, 3 ) and protein levels (Fig. 3A) than parental controls in both U87 and U251 cell lines. U251 stable cells were fixed and immunostained with an AIF antibody to substantiate that AIF protein levels were increased in cells with low levels of nuclear BNIP3 expression (Fig. 3B ). These results demonstrate that nuclear BNIP3 negatively regulates the expression of AIF in mammalian cells.
Decreased AIF protein expression leads to resistance to temozolomide-induced cell death AIF plays an important role in caspaseindependent cell death in many cancer cell types when treated with different chemotherapeutic agents (Porter and Urbano, 2006) . To establish the functional consequences in glioma cells with altered AIF levels as a result of nuclear BNIP3, we treated the U251 and U87 stable cell lines that have different nuclear BNIP3 levels with TMZ, an oral chemotherapeutic agent approved for the treatment of newly diagnosed and recurrent GBM (Fig. 4) . Cells with high levels of nuclear BNIP3 were more resistant to TMZ-induced cell death (Fig. 4 A) . Correspondingly, cells with low levels of nuclear BNIP3 expression were more sensitive to TMZ-induced cell death (Fig. 4 A) . Hence, increasing BNIP3 levels in the nucleus reduced chemotherapy-induced cell death in glioma cells. The mechanism underlying this alteration in drug sensitivity could be caused by the ability of BNIP3 to alter AIF expression. It has been previously established that increased levels of AIF protein are associated with higher AIF-induced DNA cleavage and increased apoptosis (Loeffler et al., 2001; Stambolsky et al., 2006) . Higher AIF levels in BNIP3 knockdown cells may lead to an increase in sensitivity to TMZ-induced apoptosis because of an increase in AIF-induced DNA fragmentation. Subsequently, a functional assay for AIF-dependent DNA cleavage was conducted using the U251 stable cell lines that were treated with TMZ. Genomic DNA was isolated and run using pulse-field gel electrophoresis to detect large-scale DNA fragmentation. This approach was used because AIF is known to preferentially induce 50 kb DNA fragmentation that is distinct from caspase-induced DNA fragmentation. We discovered that cells with high nuclear BNIP3 and low AIF expression contain less AIF-induced DNA fragmentation than parental controls when treated with TMZ. In cells that have low nuclear BNIP3 and high AIF expression, increased AIF-induced DNA fragmentation was detected compared with parental controls (Fig. 4 B) . This result confirms that nuclear BNIP3 regulated AIFinduced DNA fragmentation is caused by a caspase-independent mechanism and that AIF is contributing to TMZ-induced apoptosis.
To determine whether AIF release from mitochondria is affected by nuclear BNIP3 after TMZ treatment, TMZ-treated U251 cells were fractionated into nuclear and mitochondrial ly- Figure 3 . AIF protein is downregulated by nuclear BNIP3 in glioma cells. A, U251 parental, U251shRNABNIP3, U251NLS-BNIP3, U87 parental, U87NLS-BNIP3, and U87shRNABNIP3 stable cells were Western blotted for AIF expression and the blots were stripped and reprobed with antibodies against BNIP3 and actin for loading control. Arrows denote the BNIP3, AIF, and actin proteins where indicated. B, U251 parental, U251 shRNA nontargeting control, U251shRNABNIP3, and U251NLS-BNIP3 stable cells grown on glass coverslips were fixed and immunostained with an antibody to AIF (red), and costained with DAPI for DNA (blue). Images were captured on an epifluorescence microscope. Green staining for GFP was used as a control to indicate stable expression of the pSUPER shRNA plasmid constructs. All experiments were repeated three times.
sates and Western blotted for AIF expression. We found that AIF protein expression in the nucleus increased after TMZ treatment (Fig. 4 D) . Western analysis was also used to investigate whether AIF protein localizes similarly in U251 stable cell lines containing altered levels of BNIP3 in the nucleus, compared with parental controls when subjected to drug treatment. AIF was visualized in the mitochondria in all three cell lines (U251, U251NLS-BNIP3, and U251shRNABNIP3) when untreated, and subsequently was released from the mitochondria when cells were treated with TMZ (Fig. 4C) . Nuclear fractions of U251 and U251NLS-BNIP3 cell lines have low levels of AIF in untreated conditions, whereas U251shRNABNIP3 cells have higher levels corresponding to high expression of AIF. When the cells were treated with TMZ, AIF translocation to the nucleus was increased. Cells with increased nuclear BNIP3 levels showed reduced TMZ-induced AIF nuclear translocation and cells having low nuclear BNIP3 showed the highest TMZinduced AIF nuclear translocation (Fig.  4 D) . Cytochrome c oxidase and HDAC1 antibodies were used as controls for the mitochondrial and nuclear fractions, respectively. To confirm that nuclear BNIP3 regulated AIF-induced DNA fragmentation is caused by a caspaseindependent mechanism, caspase 3 activity was measured in the U251 stable cell lines and parental controls after TMZ treatment. There was activation of caspase 3 activity after TMZ treatment but there was no statistical difference in caspase 3 activity between U251, U251NLS-BNIP3 and U251shRNABNIP3 cell lines (Fig. 4E) .
To ascertain whether the alteration of sensitivity to TMZ was due, at least to some extent, to differences in AIF expression, we used siRNA against AIF to knock down its expression. AIF siRNA effectively knocked down endogenous AIF protein levels in HEK293 cells in a dose dependent manner (Fig. 5A ). Cells were transiently transfected with siRNA targeting AIF or nontargeting siRNA and treated with TMZ for 16 and 24 h, and cell death was measured using two types of assays: quantification of cell death by DNA condensation was detected by acridine orange staining (Fig.  5B) , and the proportion of cells that were in sub-G1 stage was detected by flow cytometry (Fig. 5C ). AIF knockdown cells showed a significant decrease in TMZ-induced cell death after 16 and 24 h of treatment (Fig. 5B ) compared with control and nontargeting siRNA-treated cells. In addition, AIF knockdown cells that were treated with TMZ had a significantly lower proportion of cells that were in the sub-G1 peak than the nontargeting siRNA-treated cells (Fig. 5C ). These findings indicate that AIF plays an important role in the caspase-independent cell death induced by TMZ.
Identification of a BNIP3 transcriptional repression complex
To identify BNIP3 binding proteins that could be part of a transcriptional repressor complex, isolated nuclear proteins were exposed to recombinant His-tagged BNIP3 bound to Ni 2ϩ -agarose beads. The proteins bound to BNIP3 were analyzed using liquid chromatography tandem mass spectroscopy (LC-MS/MS) to identify proteins that form complexes with nuclear BNIP3. This procedure revealed that His-tagged BNIP3 associated with the PTB-associated splicing factor, PSF (supplemental Table 2 , available at www.jneurosci.org as supplemental material). PSF is known to form complexes with transcriptional corepressors such as Sin3A and HDAC1, and repress transcription of specific genes (Shav-Tal and Zipori, 2002) . His-tagged BNIP3 pulldown assay and immunoprecipitations were performed with Western analysis to confirm that BNIP3 binds to PSF (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). Since PSF is known to bind with the histone deacetylase HDAC1 (Dong . Induction of cell death and AIF-induced large-scale DNA fragmentation is blocked by nuclear BNIP3. A, U251 parental, U251 shRNA nontargeting control, U251shRNABNIP3, and U251NLS-BNIP3 stable cells were treated with 2 mM TMZ for 48 h or with DMSO for control. U87 parental, U87NLS-BNIP3, and U87shRNABNIP3 stable cells were treated with 2.5 mM TMZ for 48 h. Percentage cell death was determined by acridine orange staining. B, U251 parental, U251shRNABNIP3, and U251NLS-BNIP3 stable cells were treated with TMZ as above, and genomic DNA was extracted and then run on a Bio-Rad pulse-field gel apparatus. The lower arrow indicates approximately where the 50 kb DNA fragments migrate. This experiment was repeated three times and results were quantified by densitometry. C, Mitochondrial fractions were isolated from U251 parental, U251shRNABNIP3, and U251NLS-BNIP3 that were untreated, or treated with TMZ as above. The lysates were Western blotted for AIF, HDAC1 (a nuclear protein), and cytochrome c oxidase II (a mitochondrial protein). D, Nuclear fractions were isolated from U251 parental, U251shRNABNIP3, and U251NLS-BNIP3 that were untreated, or treated with TMZ as above. The lysates were Western blotted for AIF, HDAC1, and cytochrome c oxidase. E, U251 parental, U251shRNABNIP3, and U251NLS-BNIP3 stable cells were treated withet al., 2007), HDAC1 was immunoprecipitated from U251 cells with an HDAC1 antibody and PSF was detected by Western blot (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Similar to other cell types, PSF associates with HDAC1 in glioma cells suggesting that BNIP3 could form a complex with HDAC1. His tagged pull-down and coimmunoprecipitation experiments were conducted to confirm that BNIP3 binds to HDAC1 (Fig. 6 A, B) . These experiments indicate that BNIP3 associates in a protein complex consisting of PSF and HDAC1 in the nucleus of glioma cells.
BNIP3 recruits HDAC1 to the promoter region of AIF and represses AIF expression
To determine the presence of the HDAC1 protein at the AIF promoter in vivo in the previously identified region where BNIP3 binds, ChIP assays were performed by immunoprecipitating HDAC1 and amplifying this specific AIF promoter region. HDAC1 was associated with the AIF promoter in U251 cells (Fig.  7A, lane 2) , but in cells with low nuclear BNIP3 levels (U251shRNABNIP3), decreased HDAC1 was associated with the AIF promoter, whereas cells with higher nuclear BNIP3 (NLS-BNIP3) had significantly increased HDAC1 associated with the AIF promoter (Fig. 7A) . Using a ChIP assay to determine histone H3 acetylation status (a measure of the relative activities of histone acetyltransferases (HATs) and HDACs) of the AIF promoter in vivo, U251shRNABNIP3 cells were found to have higher acetylated histone H3 levels than parental U251 cells, and U251NLS-BNIP3 had lower levels of acetylated histone H3 (Fig. 7B) . This finding suggests a mechanism whereby BNIP3 recruits HDAC1 to the promoter of AIF leading to deacetylation of histones and repression of transcription. U251 and U87 cells were then treated with the HDAC inhibitor valproic acid (VPA) (Fig. 7C ). There was a significant increase in AIF expression after 24 and 48 h of treatment with VPA in both U87 and U251 cells, showing that HDACs are important in maintaining expression of AIF.
Luciferase assays were repeated, as in Figure 2 , with the vector alone and vectorϩAIF promoter. U251 cells transfected with vectorϩAIF promoter were then treated with 1 mM VPA for 24 h to determine whether the promoter region of AIF continues to act as a repressor of transcription when HDACs are inhibited. We found that the AIF promoter region no longer represses tran- A, His-tagged wt BNIP3 was bound to nickel (Ni) agarose beads and 50 or 150 g of U251 cell lysate was added to columns containing either nickel agarose beads alone or nickel agarose beads with bound His-BNIP3. The beads were washed and proteins bound to His-BNIP3 were eluted with 500 mM imidazole. The resulting elution was Western blotted for HDAC1 expression. As a negative control, Ni agarose beads containing bound His-BNIP3 were also run on the gel. Lysate alone was used as a positive control. The blot was reprobed with an antibody against His tag for control. B, U251 cell lysate was immunoprecipitated (IP) with an anti-HDAC1 antibody and immunoblotted with anti-BNIP3 antibody. The positive control used was lysate alone and the negative control used antibody with IP beads alone. The blot was reprobed with an HDAC1 antibody.
scription of the reporter gene when HDACs are inhibited suggesting that HDACs, as well as BNIP3, play an important role in regulating this region of the AIF promoter (Fig. 7D) . U251 cells were then transfected with HDAC1 siRNA to confirm that the repression of transcription of AIF is due specifically to HDAC1 (Fig. 7E) . When HDAC1 levels were knocked down, AIF protein expression increased. Overall, these results indicate that BNIP3 represses AIF expression by binding to the AIF promoter and recruiting HDAC1, a corepressor of transcription.
Nuclear localized BNIP3 in primary human GBM tumors correlates with low AIF expression Nuclear BNIP3 has been detected in GBMs (Burton et al., 2006) , lung (Giatromanolaki et al., 2004) , and breast tumors (Sowter et al., 2003; Tan et al., 2007) . Also, AIF expression has been observed to be decreased in several different tumors (Delettre et al., 2006; Lee et al., 2006) . Both nuclear BNIP3 and AIF expression have been shown to play an important role in tumor progression but a relationship between the two has not yet been established. To determine whether nuclear BNIP3 correlated with levels of AIF expression in GBM tumors (WHO grade IV astrocytomas), we immunostained FFPE sections of primary GBM tumors with antibodies against BNIP3 and AIF. Tumors were counterstained for DNA using DAPI to identify the nucleus of the cells. To examine the localization of BNIP3 in GBM tumors, 38 tumors were graded according to whether BNIP3 was highly nuclear in localization, moderately nuclear, or with low/no nuclear staining. The same tumors were similarly graded for AIF expression. When grading of the tumors was analyzed by a 2 test, tumors with high nuclear BNIP3 levels had corresponding low levels of AIF expression, whereas tumors with low nuclear BNIP3 levels had high AIF expression levels ( p Ͻ 0.005) ( Table 4) . Two representative GBM tumors containing high and low nuclear BNIP3 expression, respectively, immunostained for AIF show that high nuclear BNIP3 correlated with lower AIF expression (Fig. 8 A) . Consistent with these findings, by immunoblotting of lysates obtained from unfixed frozen GBM samples matched to the FFPE tumor sections, nuclear BNIP3 expression was also associated with lower AIF expression (Fig. 8 B) . This provides strong evidence consistent with nuclear BNIP3 repression of the expression of the AIF gene in GBM tumors.
Discussion
We have identified that nuclear BNIP3 acts as a transcriptional repressor binding to the promoter region of the AIF gene, thereby preventing apoptosis. Indeed, the region where BNIP3 binds contains a sequence that is homologous to a consensus repressor signal for neural-specific genes (Karadsheh and Delpire, 2001) . Novel mechanisms have also been proposed for the function of other Bcl-2 family members in the nucleus (Zinkel et al., 2007) . A recent study identified that Bcl-2 inhibits transcription factor activity in the nucleus and alters DNA repair enzyme expression (Massaad et al., 2004; Wang et al., 2008) , contributing to altered DNA repair and genomic instability in cancer cells with high levels of Bcl-2 expression. Solid tumors, especially highly proliferative, invasive tumors µ µ µ Figure 7 . Nuclear BNIP3 recruits HDAC1 to the AIF promoter, leading to silencing of AIF protein expression. A, U251 parental, U251shRNABNIP3, and U251NLS-BNIP3 stable cells were subjected to ChIP using the HDAC1 antibody to immunoprecipitate protein-DNA complexes. Primers specific for the AIF promoter containing the candidate BNIP3 binding site were used for PCR. Sample without added antibody was used as a negative control, whereas genomic DNA was used as the input control. B, The same procedure as in A was repeated with an antibody specific for acetylated histone H3 to determine acetylation status of the specific AIF promoter region. C, U251 and U87 glioma cells were treated with 1 mM VPA. Cell lysates were prepared at 24 and 48 h, and samples were Western blotted for AIF expression. The blots were stripped and reprobed with antibodies against actin for a control. D, U251 cells were transiently transfected with the pGL3-p vector and the pGL3-pAIF vector. Cells transfected with pGL3-pAIF were also treated with 1 mM VPA for 24 h. Luciferase assays and data analysis were performed as described in Figure 2 ; *p Ͻ 0.01. E, U251 and U87 cells were transfected with 5 g of HDAC1 siRNA or 5 g of a nontargeting siRNA for control. Forty-eight hours after transfection, cells were harvested for Western blot analysis and probed with HDAC1 and AIF-specific polyclonal antibodies. The blots were stripped and reprobed with antibodies against actin for a loading control.
such as GBMs, are constantly subjected to metabolic stress. The tumor cells experience nutrient and oxygen deprivation because of loss of vasculature and undergo stringent selection, in which genetic and epigenetic changes occur to establish a phenotype that can survive under these conditions. We have discovered that normal astrocytes localize BNIP3 to the nucleus preventing its prodeath function (Burton et al., 2006) . BNIP3 is also detected at very low levels in the nucleus of astrocytes in normal brain sections. This mechanism is exploited in GBM tumors, where upregulation of BNIP3 in the nucleus occurs in a large subset of these tumors (60% of tumors examined displayed some nuclear staining, with 32.5% having exclusive nuclear staining). Nuclear localization of BNIP3 is also reported to occur in lung (Giatromanolaki et al., 2004) , breast (Tan et al., 2007) , and cervical tumors (Leo et al., 2006) , as well as in focal brain ischemia (Schmidt-Kastner et al., 2004) . In ductal carcinoma in situ (DCIS) of the breast, 25% of tumors exhibited nuclear BNIP3 staining and 6% had primarily nuclear BNIP3 (Tan et al., 2007) .
When nuclear BNIP3 was used as a variable to determine a difference in patient outcome, nuclear BNIP3 was significantly correlated with a shorter disease free survival (Tan et al., 2007) . In lung tumors, 15% of tumors exhibited nuclear BNIP3 staining and 5% had primarily nuclear BNIP3. It was observed that nuclear localization of BNIP3 occurred in a subset of cases that had a particularly poor prognosis (Giatromanolaki et al., 2004) . These studies, in combination with the unique repressor function for BNIP3, suggest an important mechanism for how cancer cells survive stress and become resistant to cancer therapy.
Proteins that interact with BNIP3 have been implicated to play a role in its function. BNIP3 dimerization is necessary for its cell death function, whereas BNIP3 binding to BCL-2 and BCL-X L , suppress its ability to induce cell death (Ray et al., 2000) . When BNIP3 is localized to the membrane it binds to Rheb and blocks the mTOR pathway, inhibiting cell growth when cells are under hypoxic conditions (Li et al., 2007) . We have identified PSF as a BNIP3 binding partner in the nucleus as well as other proteins that are contained in complexes that bind to RNA/DNA (supplemental Table 2 , available at www. jneurosci.org as supplemental material). PSF is a transcriptional corepressor, associating with Sin3A and HDAC1, which leads to the repression of target genes such as the androgen receptor and P450scc (Shav-Tal and Zipori, 2002) . We also found that HDAC1 associates with BNIP3 and participates in repression of AIF expression. This suggests a model where HDAC1 and PSF form a complex with BNIP3 directly or indirectly resulting in transcriptional repression. The association of BNIP3 with PSF and HDAC1 could also serve as a nuclear localization mechanism for BNIP3. BNIP3 does not contain a canonical nuclear localization signal but is found in the nucleus of glioma cells. PSF and HDAC1 contain nuclear localization signals and could maintain BNIP3 in the nucleus.
The transcription factors regulating AIF expression are largely unknown but a recent study indicated that p53 induces AIF expression through binding to p53 response elements in the AIF gene (Stambolsky et al., 2006) . In H1229 cells, AIF knockdown partially protected against p53-induced cell death and when p53 was expressed, cisplatin-treated cells had increased DNA fragmentation induced by AIF (Stambolsky et al., 2006) . Our findings indicate that BNIP3 regulates AIF expression resulting in reduced TMZ-induced cell death due, in part, to decreased AIF-induced DNA cleavage. In GBM tumors, decreased AIF levels may provide a survival advantage because GBM tumor cells would then be more resistant to stress such as chemotherapy that releases AIF from the mitochondria. However, these cells would still maintain the essential role of AIF in the mitochondria. This reduction of Figure 8 . Primary GBM tumors that have high nuclear BNIP3 levels have low AIF expression. A, Formalin-fixed paraffinembedded sections of representative primary GBM tumors sections were immunostained with antibodies against BNIP3 (green) and AIF (red). DNA was stained with DAPI (blue), and the slides were analyzed on an Olympus epifluorescence microscope. B, Representative matched frozen GBM tumor tissues were lysed to extract total protein and analyzed by Western blot for AIF expression. The blots were stripped and reprobed with actin antibodies for a loading control. The grading for nuclear BNIP3 levels (determined by immunofluorescence) is indicated for each tumor. Nuclear staining was graded as follows: ϩϩϩ for high nuclear staining, ϩϩ for moderate nuclear staining, ϩ for low nuclear staining, and ϩ/Ϫ for undetectable nuclear staining. Three independent experiments were quantified by densitometry with Quantity One (Bio-Rad), and averaged to obtain AIF expression relative to actin loading controls.
nuclear AIF could also drive the selection of tumor cells that have adapted mechanisms to localize BNIP3 to the nucleus. When caspase-dependent cell death is inhibited and AIF is knocked down, DNA condensation is blocked when these cells are treated with cell-death-inducing agents such as staurosporine, etoposide and glutamate (Porter and Urbano, 2006) . Recent reports have observed that AIF is downregulated in many tumor types (Delettre et al., 2006) , and depletion of the AIF protein in malignant skin, colon, lung, and breast cells contributes to chemoresistance, supporting AIF pro-cell-death functions in the context of cancer (Huerta et al., 2007) . A HER2 antibody-AIF protein chimeric molecule significantly prolonged survival of mice with tumors that over-express HER2 (Yu et al., 2006) . Indeed, nuclear BNIP3 repressed AIF expression to a greater extent than other apoptotic proteins as determined by a cDNA microarray analysis (data not shown). Together, BNIP3 repression of AIF expression could render tumors resistant to caspase independent apoptosis. BNIP3 transcriptional repression of AIF was also reversed by HDAC inhibitors. We found that the HDAC inhibitor VPA and HDAC1 knockdown experiments resulted in an increase of AIF expression, suggesting that HDAC inhibitors could be used to treat tumors with nuclear BNIP3 expression. Indeed, HDAC inhibitors have been shown to induce apoptosis in glioma cells (Komata et al., 2005) . Hence, HDAC inhibitors might mediate de-repression of BNIP3 transcriptional activity and provide a novel target for development of treatments for chemotherapy resistant GBM tumors.
Overall, we have discovered that nuclear BNIP3 participates in a multiprotein complex with HDAC1 and PSF to downregulate AIF expression in glioma cells, leading to resistance to TMZinduced cell death, due in part to reduced AIF-dependent DNA fragmentation in glioma cells. These results provide a novel and potentially important mechanism underlying how nuclear BNIP3 may repress gene expression thereby resulting in a survival advantage to tumor cells. This could explain why expression of nuclear BNIP3 is increased in solid tumors, especially those with a poor prognosis such as GBM.
